Deoxyribonucleic acid (DNA) is the primary target molecule for most anticancer and antiviral therapies according to cell biology. Investigations of the interaction of DNA with small molecules are basic work in the design of new types of pharmaceutical molecules. Since the chemical nuclease activity of the copper-phenanthroline complex was discovered in the 1980's, 1-3 studying the interaction model and the mechanism of transition-metal complexes with DNA, and exploring the application of metal complexes in antineoplastic medication, molecular biology and bioengineering were hotspots in recent years. Especially interesting are metal complexes of the bipyridyl ligands. [4] [5] [6] [7] When some kinds of metal complexes interacted with DNA, they could induce the breakage of DNA strands by appropriate methods. Thus, to cancer genes, after DNA strand are cleaved, the DNA double strands break. The replication ability of cancer gene is destroyed. Ueda et al. 8 investigated that the Cu(phen)2 2+ complex could cleave DNA in the presence of ascorbate or hydroquinone, and the Cu(en)2 2+ complex could also cleave DNA in the presence of ascorbate. It was suggested that the reductive capability of the reductants had a critical influence on DNA cleavage.
Introduction
Deoxyribonucleic acid (DNA) is the primary target molecule for most anticancer and antiviral therapies according to cell biology. Investigations of the interaction of DNA with small molecules are basic work in the design of new types of pharmaceutical molecules. Since the chemical nuclease activity of the copper-phenanthroline complex was discovered in the 1980's, [1] [2] [3] studying the interaction model and the mechanism of transition-metal complexes with DNA, and exploring the application of metal complexes in antineoplastic medication, molecular biology and bioengineering were hotspots in recent years. Especially interesting are metal complexes of the bipyridyl ligands. [4] [5] [6] [7] When some kinds of metal complexes interacted with DNA, they could induce the breakage of DNA strands by appropriate methods. Thus, to cancer genes, after DNA strand are cleaved, the DNA double strands break. The replication ability of cancer gene is destroyed. Ueda et al. 8 investigated that the Cu(phen)2 2+ complex could cleave DNA in the presence of ascorbate or hydroquinone, and the Cu(en)2 2+ complex could also cleave DNA in the presence of ascorbate. It was suggested that the reductive capability of the reductants had a critical influence on DNA cleavage.
Hettich et al. 9 investigated the dinucleotide TpT reacted with 5 mM EuCl3 at 70˚C for up to 14 days, which allowed the reaction to be followed up to 25% completion. The electrochemical method can modulate the redox reaction under physiological conditions. DNA cleavage can be performed by oxygen reduction at an electrode in the presence of transition metals during electrolysis of an aerobic DNA solution. This method has been paid much attention because its system of DNA cleavage reaction is simple, and the cleavage efficiency is very high.
Here, based on the interaction of the Cu(bpy)2 2+ complex with DNA, we used an electrochemical method to cleave DNA in the presence of the Cu(bpy)2 2+ complex. DNA was cleaved by electrochemically inducing the Cu(bpy)2 2+ complex.
The cleaved DNA fragments were separated and detected by highperformance liquid chromatography. The experimental results revealed that the proposed method for DNA cleavage is highly efficient.
Experimental
Apparatus and reagents CHI660A electrochemical analyzer (Shanghai Chenhua Apparatus Corporation, China) and Model 363 potentiostat/galvanostat (EG&G Princeton Applied Reseatch) were applied. Absorbance spectra were measured on a UV-265 spectrophotometer (Shimadzu, Japan), and the fluorescence spectra on a RF-540 spectrofluorimeter (Shimadzu, Japan). Gold disk electrodes (diameter 1 mm and 5 mm) were used as working electrodes. A platinum auxiliary electrode and an Ag/AgCl reference electrode were used for measurements. A L-7100 high-performance liquid chromatograph (Hitachi HighTechnologies Corporation, Tokyo Japan) equipped with a L-7420 UV-vis spectrophotometric detector was used. A ShimPack chromatographic column Diol-300 (7.9 mm Φ × 25 cm) packed with 5 µm porous silica micropheres (pore diameter 300 Å), which have a diol bonded phase, was employed to separate the cleaved DNA fragments.
All chemicals were of reagent grade and were used without further purification. Calf thymus DNA was purchased from Sigma. DNA stock solution prepared in double-distilled deionized water stored at 4˚C and used for not more than 5 days. The concentration of DNA in nucleotide phosphate was determined spectrometrically at 260 nm using the absorption coefficient (6600 M -1 cm -1 ). 10 The Cu(bpy)2 2+ complex was prepared according to the literature. Detection of DNA fragments. After electrolysis was completed, 10 µL of an electrolyzed solution was taken out by a microinjector for chromatographic analysis. The eluent was 5 mmol/L phosphate buffer (pH 7.4), and the flow rate was 1.0 mL/min. A UV-Vis spectrophotometric detector was used and the detecting wavelength was at 260 nm, which was the maximum absorption wavelength of DNA.
Results and Discussion
Interaction of Cu(bpy)2 2+ complex with DNA Typical CV curves for 5.0 × 10 -4 mol/L of the Cu(bpy)2 2+ complex in 50 mmol/L of a Tris-HCl buffer (pH 7.4) in the absence and presence of different concentrations of CT-DNA are shown in Fig. 1 . In the absence of DNA, the anodic peak potential of the Cu(bpy)2 2+ complex (Epa) appeared at -0.066 V and the cathodic (Epc) at -0.169 V. The separation of the anodic and cathodic peak potentials, ∆Ep = 103 mV, indicated that the reaction of the Cu(bpy)2 2+ complex on the gold electrode was a quasireversible redox process. The peak current of the Cu(bpy)2 2+ complex decreased with increasing the concentration of DNA. The decrease of the anodic and cathodic peak currents of the Cu(bpy)2 2+ complex in the presence of DNA could be explained by a reduction in the apparent diffusion coefficient of the copper-bipyridyl complex at their complexation by the DNA macromolecules.
Differential pulse voltammograms of the Cu(bpy)2 2+ complex in both the absence and presence of DNA are given in Fig. 2 The interaction of the Cu(bpy)2 2+ complex with DNA was further investigated by the absorption and fluorescence spectra. Figure 3A shows the absorption spectra of 5.0 × 10 -4 mol/L of the Cu(bpy)2 2+ complex in 10 mmol/L of the Tris-HCl buffer (pH 7.4) in the absence and presence of different concentrations of CT-DNA. It can be seen that the absorption spectra of the Cu(bpy)2 2+ complex with increasing the concentration of DNA showed a strong decrease in the peak intensities. The intrinsic binding constant of the Cu(bpy)2 2+ complex with DNA was determined according to equation, 10 C/∆εap = C/∆ε + 1/(∆εk), where k was determined from a plot of C/∆εap vs. C; C was the concentration of DNA, ∆εap = εa -εf and ∆ε = εb -εf. The apparent extinction coefficient (εa) was obtained by calculating Aabc/Ccomplex, εb and εf correspond to the extinction coefficient of the bound form of the Cu(bpy)2 2+ complex and the extinction coefficient of free the Cu(bpy)2 2+ complex, respectively. The data were fitted to the above equation, with a slope equal to 1/∆ε and a y-intercept equal to 1/∆εk. εb was determined from ∆ε, and k was obtained from the ratio of the slope to the yintercept. We could thus calculate k = 3.24 × 10 4 L/mol. Under the same experimental conditions, the changes in the fluorescence properties of the Cu(bpy)2 2+ complex as a result of binding to DNA was explored (seen Fig. 3B ). The fluorescence intensity of the Cu(bpy)2 2+ complex increased rapidly with increasing concentration of DNA. All of these results indicated that there is a stronger interaction between the Cu(bpy)2 2+ complex and DNA. This result was consistent with that of the electrochemical experiment. In order to characterize the possible binding modes of the Cu(bpy)2 2+ complex with DNA, the fluorescence spectra of a mixture of Cu(bpy)2 2+ complex with thermal-denatured DNA was measured. Compared to the same concentration of native DNA, respectively, the results showed that only a very small change in the fluorescence intensity was observed. This indicated that the interaction capability of the Cu(bpy)2 2+ complex with native DNA was similar to that of the Cu(bpy)2 2+ complex with thermal DNA. In general, there are three interaction models concerning the binding of small molecules in interactions with the DNA double helix: intercalative binding, groove binding and electrostatic binding. 10 Among these, intercalative and groove bindings have something to do with the DNA double helix, but the electrostatic binding appears out of the groove of DNA. When DNA was denatured, the structure of the DNA double helix was destroyed. If the interaction models were intercalative and groove binding, the interaction capability would be decreased, or would disappear, when the DNA was denatured. However, the experiment results showed that the ability of the Cu(bpy)2 2+ complex binding native DNA was similar to that of the Cu(bpy)2 2+ complex binding to denatured DNA. We can thus conjecture that electrostatic binding is the main binding mode of the Cu(bpy)2 2+ complex with DNA. Figure 4 shows the chromatographic separation of a solution containing 2.5 × 10 -4 mol/L of the Cu(bpy)2 2+ complex, 1.5 × 10 -4 mol/L of DNA and 10 mmol/L of the phosphate buffer (pH 7.4) before (A) and after electrolysis (B), respectively. Before solution electrolysis, the peak of the DNA appeared in a chromatogram at a retention time of 4.40 min (see Fig. 4A ). After the solution was electrolyzed, the large and broad peak of DNA became small and narrow, and some new chromatographic peaks were observed in the chromatogram (see Fig. 4B ). The retention times of these new peaks were 5.49, 6.35, 8.00 and 11.72 min, respectively. The changes in the DNA chromatograms revealed that the DNA molecules were destroyed and breakage of the DNA strand occurred after the test solution was electrolyzed. As a comparison, a solution without the Cu(bpy)2 2+ complex was electrolyzed under the same conditions. A slight change in the DNA chromatogram was observed both before and after electrolysis. This indicated that the extent of DNA strand breakage was very weak in the absence of the Cu(bpy)2 2+ complex. DNA molecules did not show any direct electrochemical response on a gold electrode at -0.6 V.
It could not be oxidized or reduced by electrochemistry, and its structure could not be destroyed. Hence, the breakage of DNA molecule strands is attributed to the electrolysis reaction (i.e. electrochemically induced) in the presence of the Cu(bpy)2 2+ complex, which produces small DNA molecule fragments. Because the Shim-pack Diol-300 column was a size-exclusion chromatograph column, its separation was based on the size of the separated molecules. In exclusion chromatography, the shorter is the strand of a DNA molecule, the longer is the retention time of its components. 12, 13 After electrolysis, some new peaks in the chromatogram appeared at long retention times, which revealed that the strand of partial DNA molecules was broken from longer to shorter strands. Undoubtedly, the components of the retention time at 16.26 and 17.94 min were much smaller DNA molecular fragments. These experimental results showed that DNA can be cleaved efficiently by being electrochemically induced in the presence of the Cu(bpy)2 2+ complex.
Conclusion
In this report, the interaction of the Cu(bpy)2 2+ complex with CT-DNA was investigated by spectrometer and electrochemical methods. The Cu(bpy)2 2+ complex could bind to DNA molecules mainly by electrostatic interactions. Based on this kind of interaction, DNA could be efficiently cleaved by an electrochemically induced method. Obviously, the system for the DNA cleavage reaction was simple and mild, for it needs no extra reductive agents or H2O2 to produce electron transfer, and the reaction can proceed at the pH of the physiological condition.
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